The effect of ion concentration, neutralization level and counterions in ionomers was systematically studied to obtain the optimal electroluminescent ͑EL͒ characteristics in polymer light-emitting diodes using poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylenevinylene͔ ͑MEH-PPV͒ for the emissive layer and sulfonated polystyrene ͑SPS͒ ionomers for the electron-injecting layer. The optimum ion concentration of NaSPS was determined to be at 6.7 mol %. Ionomers with a higher neutralization level make the EL device more efficient, with the highest efficiency being at 200% overneutralization. The ionomer with a smaller metal counter ion greatly enhances the efficiency of EL devices with the indium-tin-oxide/MEH-PPV/LiSPS/Al device having the highest EL quantum efficiency, 1.18% photons/electron. The dominant factor in enhancing the luminance is the number of ionic dipoles near the cathode irrespective of the type of metal counterions, while the hole blocking mostly depends on the restriction of chain segmental motion in ionomers.
I. INTRODUCTION
Since the electroluminescence ͑EL͒ of poly͑p-phenylene vinylene͒ ͑PPV͒ polymers was discovered in 1990, lightemitting diodes ͑LEDs͒ based on conjugated polymers have attracted much attention because of their potential applicability to flat, large area displays. 1, 2 In LEDs made of p-type polymers such as PPV, poly͓2-methoxy-5-͑2Ј-ethylhexyloxy͒-1,4-phenylenevinylene͔ ͑MEH-PPV͒, poly ͑p-phenylene͒s, polyfluorenes, and polythiophenes, the majority of th carriers of emissive polymers are holes. This causes the electron injection current to be too low, which in turn accounts for low quantum efficiency of single-layer LEDs. To achieve high EL efficiency, it is necessary to balance the number of injected electrons with that of the injected holes in the emitting layer. A well-known way to improve electron injection properties is to use metals with a low work function such as Li, Ca, and Mg as the cathode materials. 3 Such metals, however, are highly susceptible to moisture and oxygen so that the resulting devices suffer from poor stability. Another method, postdeposition annealing above the glass transition temperature (T g ) of an emitting polymer, greatly enhances the luminance of the EL quantum efficiency by changing the polymer/electrode interfaces. 4 Another method introduces an n-type material with a high electron affinity which reduces the electron injecting barrier at the polymer/ cathode interface. 5, 6 Thermally stable but highly electron attracting poly͑phenyl quinoxaline͒ ͑PPQ͒ has been used as an electron transporting and hole-blocking material. 6 However, it is difficult to use PPQ in the usual fabrication process of an EL device because the solvents for PPQ such as chloroform, dichloroethane, and tetrachloroethane tend to strongly dissolve most EL polymers.
In a recent study it was reported that ionomers possess good electron-injecting and hole-blocking properties that make the EL device more efficient. 7 Ionomers are thermoplastic resins that contain metal ions as well as organic ionic molecules as the pendant group in the polymer chain. These polymers usually have a small mole fraction of ionic groups under about 15 mol %, which can play the role of reversible cross-linking sites and thus they possess good thermal and mechanical properties along with thermoplastic processibilty. The morphology of ionomers was studied and reported in the literature. 8, 9 Most polymers are incompatible with metals. However, it was reported that chemical interaction between ionic polymers and metals enhances the interfacial adhesive strength. 10 The interaction between ionic materials and Al occurs in the form of a polmer-metal complex such as C-O-Al when metal atoms are vapor deposited onto oxygen-containing polymers. 10 The interfacial adhesive strength between the polymer and the metal was significantly enhanced through C-O-Al complex formation. 10 Thus, the ionic polymers in a heterostructured device can play the role of compatibilizer to improve the adhesion between the emitting layer ͑EML͒ and the cathode in a polymer light-emitting device.
a͒ Author to whom correspondence should be addressed; electronic mail: oopark@sorak.kaist.ac.kr It is generally accepted that the physical structure and properties of ionomers greatly depend on the ion concentration. Furthermore, the neutralization level of pendant ions and their countermetal ions is also important in determining the properties of ionomers. Therefore, we believe it would be enlightening to study the effect of chemical structures of ionomers on the luminance intensity and EL quantum efficiency. In our study we investigated the effect of ion concentration, neutralization levels, and the metal counterions of ionomers in heterostructured polymer LEDs and determined the optimal chemical structure of ionomers for high efficiency.
II. EXPERIMENT

A. Synthesis of materials
Polystyrene with a weight-averaged molecular weight of 230 000 and number-averaged molecular weight of 140 000 was purchased from Aldrich Co. The sulfonation of polystyrene was conducted at 50°C in 1,2-dichloroethane solvent using acetyl sulfate as a sulfonation agent, which was prepared by the reaction of acetic anhydride and concentrated sulfuric acid. After 4 h, the reaction was terminate by the addition of methanol. The sulfonated polymers were isolated by steam stripping and then were dried under vacuum at 60°C for at least 2 days to remove any residual solvent. The sulfonate content of the recovered polymer was determined by elemental analysis of the sulfonated polystyrene using atomic absorption spectroscopy. The sulfonate content in the sulfonated polystyrene ranged from about 3.5 to 15.4 mol %. Addition of 0.1 N LiOH, NaOH, KOH, CsOH, Zn͑Ac͒ 2 and Mg͑Ac͒ 2 methanol solution for neutralization, respectively, to the sulfonated polystyrene in dimethyl formamide ͑DMF͒ solution produces several different ionomers with counterions of Li, N, K, Cs, Zn, and Mg. Among them, the neutralization levels of Na ions were varied from 0% to 200% to study their effects. The resultant ionomers were not recovered by nonsolvent such as water and methanol, because they would partially wash out the metal ions so that the neutralization levels could be changed. The chemical structure of the prepared ionomers is shown in Fig. 1 . Poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylenevinylene͔ was synthesized according to the synthesis scheme reported in Ref. 11 . 
B. Fabrication of the EL device
The polymer light-emitting devices of MEH-PPV were fabricated as follows. First, indium-tin-oxide ͑ITO͒ coated glass substrates ͑Samsung Corning Co.͒ were sonicated by cleaning solution in a sequence of glass cleaner ͑Aldrich Co.͒ for 5 min, de-ionized water for 15 min, acetone for 15 min, and methanol for 15 min. MEH-PPV dissolved in 1,2-dichloroethane was spin coated to a 60 nm thickness on ITO coated glass substrates. The thickness was measured several times by a TENCOR p-10 surface profiler and averaged. After baking the polymer at 100°C for 1 h in a vacuum oven, ionomers as synthesized in DMF solution were spin coated to a 15 nm thickness on top of the emissive layer, followed by baking in a vacuum oven at 150°C for 1 h. Finally, an Al cathode was deposited to a 100 nm thickness by thermal evaporation under a pressure of about 1ϫ10 Ϫ6 Torr.
C. Instrumentation
In order to investigate the electrical and luminescent characteristics of the device, current-
were measured with a current/voltage source measurement unit ͑SMU͒ ͑Keithley 238͒, an optical powermeter ͑Newport 835͒, and a spectroradiometer ͑Minolta CS-1000͒. The active area of our devices was mm 2 . The current injected was measured while applying forward bias by the SMU, and the light emitted was collected by a calibrated silicon photodetector ͑Newport 818SL͒. The external quantum efficiency was measured according to a procedure similar to that reported by Greenham et al.
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III. RESULTS AND DISCUSSION
A. Effect of mole percent of ionomers
First of all, we studied the effect of the ion concentration of ionomers on heterostructured EL devices. The polystyrene sulfonates ͑SPS͒ with various mole percents were synthesized and then were 100% ͑by equivalent molar ratio͒ neutralized by adding a 0.1 N NaOH/methanol solution. Figure 2 shows the current versus electric field of the heterostructured devices using sodium sulfonated polystyrene ͑NaSPS͒ ionomers with various mole percents. The double layer devices with a NaSPS layer have a larger current than the single layer device without such a layer when compared at the same electric field. This implies that the NaSPS layer plays the role of an electron-injecting layer, which was also reported in a previous paper. 7 The mechanism of electron injection is not yet clearly understood. To explain the role of ionomers, it has been suggested that the bridging effect of the counterions (Na ϩ ) between the ionomer and Al exists at the electroninjecting contact of polymer LEDs. 7 It is certain that the electron injection mainly depends on the local ionic dipoles within the ionomers; these could favor electron injection. In addition, it was suggested that the work function of the Al electrode decreases because of the electric field generated by the interaction between Na ϩ ions and injected electrons. 13 Therefore, the electron injection in the heterostructured EL device could be more favorable than in the single layer device although the ionomer has a high band-gap energy ͑ϳ5 eV͒, which was obtained from the optical absorption spectrum. A probable mechanism of the electron injection to the emissive layer in heterostructured EL devices is illustrated in Fig. 3 The formation of local dipoles in the bulk system of the ionomer can help to inject electrons from cathodes, which can be explained as follows. The ion aggregates in ionomers consists of anions ͑SO 3 Ϫ ) and cations ͑Na ϩ ), which form the local dipoles as shown in Fig. 3 . They can attract electrons from the cathode, that is, the dipole moment of ionic groups can align along the electric field and induce electrons from the cathode. Therefore, the electron injection can be promoted as the ion concentration of ionomers increases. However, when the ion concentration increases above a certain critical point, the dipole moments can act as the scattering center for electron injection 13 and the clustering of the ionic groups would strongly restrict chain segmental motion. Therefore, in the case of ionomers with high ion contents, electron injection into the emitting layer is difficult when the electrons, injected from the cathode, pass through the NaSPS layer by hopping to a neighboring site. 13 In addition to the role of local dipoles within ionomers in improving the electron injection, there is another factor that should be mentioned. The arrows in Fig. 3 indicate the energy band bending due to a potential drop in the EML. The insulating layer in the heterostructured EL device lowers the effective energy barrier between the lowest unoccupied molecular orbital ͑LUMO͒ and the MEH-PPV and the Al cathode. In the case of devices with insulating material at the emitting polymer/metal interface, lowering of the effective energy barrier within the tunneling region has been reported. 14 -17 Although electron injection mostly depends on the energy barrier between the polymer and the metal cathode, insulating materials such as Al 2 O 3 ͑Ref. 14͒ and LiF ͑Ref. 15͒ tend to favor electron injection. In our device system, a potential drop within the MEH-PPV layer also occurs and lowers the effective energy barrier between the EML and Al because the device has a thin ionomer layer of 15 nm thickness with a high band-gap energy. This lowering of the effective energy barrier was confirmed by electroabsorption experiments. 17 The insulating layer also plays a role in avoiding exciton quenching at the interface of the MEH-PPV and the Al cathode. 14 -16 But most of all, in our system, the ionic dipoles are the dominant influence on the electron injection from the cathode when the band-gap energy of neutralized ionomers is high irrespective of the number of ionic dipoles. Therefore, we anticipate that an optimal ion concentration of ionomers for electron injection exists in these heterostructured EL devices. Figure 4 shows the luminance versus electric field of the heterostructured EL devices. The luminance also has a similar trend to the current versus electric field behavior. It was found that the luminance is most bright at 6.7 mol %. Figure  5 also shows the trend of current and luminance with the increase of ion content of NaSPS at 1.3ϫ10 8 V/m. From Fig.  5 it is clearly seen that ionomers can enhance the light output by inducing more electrons. The optimal ion concentration of ionomers for high luminance in the device exists near 6.7 mol %. The current versus mol % of NaSPS at 1.3ϫ10 8 V/m in Fig. 5 implies that a critical ion concentration ͑CIC͒ of ionomers exists for optimum electron injection in polymer LEDs. The existence of a CIC for optimum electron injection indicates that the optimum charge-injecting capability of ionomers occurs near the CIC. Previously, the CIC was also observed in a T g pattern. Ionomers exhibit a linear increase in T g as the ion concentration increases. T g increases slowly up to a certain point, called the CIC, after which it increases more rapidly. Bazuin and Eisenberg explained this behavior with a multiplet and cluster model. 18 They suggested that the ionomer below the CIC forms very small tight aggregates called multiplets but, above the CIC, ion pairs agglomerate into clusters containing several tens of ion pairs and bind with the nonionic surrounding region of the ion aggregate to restrict the mobility of the region. Park et al. reported that the decreasing rate of the mobilities of Na ϩ is significantly changed at the CIC. 19 The contribution of Na ϩ ions to electron injection depends not only on the number of ionic charge carriers but also on the degree of ion association ͑or the anion-cation interaction that limits the segmental mobility͒. Below the CIC, the number of ionic charge carriers contributes more dominantly to the charge injection so that the injected current increases accordingly. But above the CIC, the injection current is lowered because the clustering of ionomers can highly restrict the segmental motion for electron hopping. In addition, above the CIC, the dipole moments of the ionic charges act as scattering centers because the field direction of the ionic dipoles is opposite to the device. Thus electron injection would be hindered even more. Figure 6 shows the external quantum efficiency ͑QE͒ of the EL devices. The optimum ion concentration of NaSPS for the most effective EL device was also found to be 6.7 mol % in the ITO/MEH-PPV/NaSPS/Al structure as shown in Fig. 6 . The QE of the device with the ionomer near the CIC was greatly enhanced by two orders of magnitude. Above the CIC, the QE was rapidly reduced in contrast to its abrupt increase in the region below the CIC. In the case of 15.4 mol %, the light output was relatively low. Electron injection in the device with 15.4 mol% NaSPS is difficult because the dipole moments act more like a scattering center than an electron injector and the strong clustering makes it difficult to inject electrons into the emissive layer; this re- sults in ineffective bipolar recombination. Finally, we present maximum luminance and maximum EL quantum efficiency of the devices using neutralized ionomers with different ionic concentrations in Table I . The turn-on voltage for the ITO/ MEH-PPV/6.7Na100SPS/Al device was 2.1 V, which corresponds to the band-gap energy of the emitting polymer, while the one for the single layer was 2.6 V.
B. Effect of neutralization levels
We studied the effect of neutralization levels of 6.7 mol % NaSPS ionomers for further optimization of the EL devices. The addition of neutralizing agents causes an increase in the size of the multiplets so that the strength of electrostatic interaction between ion pairs increases and the stability of the multiplets is higher. 20 Figure 7 shows the current versus electric field characteristics for polymer lightemitting diodes of MEH-PPV using 6.7 mol % NaSPS ionomers with various neutralization levels. When an unneutralized SPS ͑6.7SPS͒ layer was introduced between the MEH-PPV and Al, the observed current was much larger than the 100% neutralized NaSPS ͑6.7Na100SPS͒. This might be attributed to its chain flexibility because the SPS possesses only hydrogen bonding in contrast to the strong ionic crosslinking and clustering in the 6.7Na100SPS. Judging from the high current ͑Fig. 7͒ in contrast to the low EL efficiency ͑Figs. 7 and 9͒ the 6.7SPS could not effectively inject electrons form the Al cathode and block holes in the MEH-PPV/6.7SPS interface for bipolar recombination, and the current of a ITO/MEH-PPV/6.7SPS/Al device mainly originates from hole current. The 50% underneutralized NaSPS ͑6.7Na50SPS͒ possesses slight electron-injecting and hole-blocking properties due to the small ionic dipoles and ionic clustering. One hundred percent neutralized NaSPS ͑6.7 Na100SPS͒ can block holes from the anode excellently so the current level of the device is lower, as shown in Fig. 7 . It helps the electron injection from the cathode by the corresponding ionic dipole moments near the cathode, so that the luminance ͑Fig. 8͒ and the EL efficiency ͑Fig. 9͒ increase. The fact that the 200% overneutralized NaSPS ͑6.7Na200SPS͒ has a larger current than the 6.7Na100SPS is due to the contribution of the extra ionic dipoles in helping the electron injection. As a result, the EL device with 6.7Na200SPS achieved the most balanced carrier injection among the EL device with the 6.7 mol % NaSPS as an electron-injecting and hole-blocking layer. Figures 8 and 9 show the luminance versus electric field characteristics and the luminance versus current for polymer TABLE II. Maximum luminance and external EL quantum efficiency of the devices using 6.7 mol % ionomers with different neutralization levels. LEDs using 6.7 mol % NaSPS ionomers with various neutralization levels. The device with the overneutralized 6.7Na200SPS has the strongest luminance and a reduced operating field by ϳ60% compared with the corresponding single layer device. In addition, the maximum quantum efficiency was also found in the device with 6.7Na200SPS. The number of sodium cations in ionomers critically affects the quantum efficiency in the EL devices. As the neutralization level increases in the ionomers, the ionic dipole moment becomes much stronger and thus facilitates electron injection, while the cluster tightens more to promote hole blocking. In the case of the unneutralized and underneutralized ionomer ͑6.7SPS and 6.7Na50SPS, its device has more current than 6.7Na200SPS but the quantum efficiency is lower because of the ineffective hole blocking of the layer. In contrast, the device with the overneutralized ionomer ͑6.7Na200SPS͒ is more efficient because the overneutralization in the ionomer helps to form a more favorable morphology to block holes better from the anode by tightening the cluster, and the extra ionic dipole moments make electron injection more favorable. The ITO/MEH-PPV/6.7Na200SPS/Al device showed 701 cd/m 2 brightness and 0.78% photons/electron external quantum efficiency as shown in Table II .
C. Effect of metal counterions
We tried to enhance the efficiency of the EL device using 200% overneutralized ionomers with different metal counterions. Figure 10 shows the current versus electric field for EL devices with ionomers containing various metal counterions. The effective force constants of the band between a cation and an anion calculated for the band assigned to the formation of multiplets decrease with an increase of the ionic radius of the introduced alkali metal. 21 The distance of the cation-anion pairs of ionomers ͑MgSPS, ZnSPS, CsSPS, KSPS, NaSPS, LiSPS͒ used in this work increases according to the valency order of the cations: MgϾZnϾCsϾKϾNa ϾLi. Therefore, the larger metal counterions in ionomers are a little more loosely bounded to the anions' pendent to the backbone. The ionomers with cations of relatively smaller size ͑LiSPS, NaPSP, KSPS͒ form stronger ionic multiplets or clusters than the ionomers with lager-size cations ͑CsSPS, MgSPS, ZnSPS͒. Thus, chain mobilities of the ionomers with smaller counterions are more restricted. However, the change of the countermetal does not exert a stronger influence on the chain restriction than the change of the ion concentration in the ionomers. The number of ionic dipoles that contribute to the electron injection is the same irrespective of the kinds of metal counterions. In this situation, we expect that the electron injection will be the same but that the hole blocking will be different because of the different cluster strength among the ionomers. The EL device with 6.7Li200SPS has the smallest current. However, the luminance values of all devices are almost the same, as Fig. 11 shows, irrespective of the kinds of metal cations in the ionomers because electron injection resulted from ionic dipoles and thus the number of recombined electron-hole pairs is the same. Figure 12 shows the luminance versus current of the devices. The ITO/MEH-PPV/6.7Li200SPS/Al device has the highest luminance compared to others at the same current level. The ionomers with larger counterions have a higher possibility of holes passing through the layer without being blocked. Therefore, we can deduce that the type of metal counterions in the ionomers makes little impact on the elec- tron injection but does influence the degree of hole blocking. This means that ionomers are materials that can be used to preferentially inject electrons. The maximum quantum efficiency obtained is 1.18% photons/electrons for the ITO/ MEH-PPV/6.7Li200SPS/Al device, which is a high value for EL devices with an Al cathode and comparable with devices of low work function cathodes such as Li and Ca. The results are summarized in Table III . The maximum luminance is 1127 cd/m 2 in an ITO/MEH-PPV/6.7Cs200SPS/Al device. It can be seen that the luminance value increases despite the decrease of the EL efficiency as the size of the metal counterions increases ͑CsϾKϾNaϾLi͒, which may imply that the device employing ionomers with larger ions could endure better without failure at a high electric field. The results of Sec. III C show that the EL quantum efficiency mainly depends on the number of ionic charges for electron injection and on the degree of chain restriction for hole blocking. Our obtained luminance values and external quantum efficiency for high work function Al based devices are comparable to those of the MEH-PPV device using a low work function metal such as Ca. 
IV. CONCLUSION
We studied the effect of ionomers in heterostructured EL devices of an ITO/MEH-PPV/ionomer/Al structure. The EL quantum efficiency of the devices greatly depends on the structure and morphology of ionomers, particularly the number of ionic charges and the chain mobility. The optimal ion concentration of neutralized ionomers for the most efficient EL device is 6.7 mol %, the transition point from the multiplet to the cluster. The 200% overneutralized ionomer makes EL devices most efficient among ionomers with various neutralization levels because the extra ionic charges help to enhance electron injection. Of the devices with ionomers containing different metal counterions, the one with LiSPS is most efficient because the hole blocking is more favorable due to the reduction of chain mobility by the strong cationanion interaction. In short, we conclude that ionic charges near the cathode contribute greatly to the enhancement of EL efficiency and that hole blocking by the reduction of chain mobility is also an important factor.
